Natural flavonoids are ubiquitous in dietary plants and vegetables and have been proposed to have antiviral, antioxidant, cardiovascular protective and anticancer effects. Transmembrane member 16A (TMEM16A)-encoded Ca 2+ -activated Cl À channels play a variety of physiological roles in many organs and tissues. Overexpression of TMEM16A is also believed to be associated with cancer progression. Therefore, inhibition of TMEM16A current may be a potential target for cancer therapy. In this study, we screened a broad spectrum of flavonoids for their inhibitory activities on TMEM16A currents.
Introduction
Based on their chemical structures, flavonoids, a class of natural polyphenolics, are classified into flavonols, flavones, flavanones, isoflavones, catechins, anthocyanidins and chalcones. They are ubiquitous in dietary plants and vegetables; quercetin, myricetin, kaempferol and fisetin are the most common flavonoids and are very prevalent in onions, apples, strawberry, molokheka and grape (Arai et al., 2000) . Flavonoids have been proposed to have multiple health benefits such as antiviral, antioxidant, antiinflammatory and anticancer and cardiovascular protection (Croft, 1998) . Epidemiological studies suggest that dietary intake of flavonoids is inversely associated with the risk of lung, prostate, stomach and breast cancer (Knekt et al., 1997; Garcia-Closas et al., 1998; Hirvonen et al., 2001; Neuhouser, 2004; Wright et al., 2004) .
Transmembrane protein 16A (TMEM16A), also known as anoctamin-1 (ANO1 or DOG1), was identified as one of several endogenous Ca 2+ -activated Cl À channels (CaCCs) and shown to have a variety of physiological roles in many organs and tissues (Caputo et al., 2008; Schroeder et al., 2008; Yang et al., 2008) . Accumulating evidence shows that TMEM16A is frequently up-regulated in many types of human tumours, including squamous cell head and neck carcinomas, gastrointestinal stromal tumours, gastric, breast, bladder and esophageal cancers (Akervall et al., 1995; West et al., 2004; Carneiro et al., 2008; Britschgi et al., 2013; Liu et al., 2015) . Overexpression of TMEM16A correlated with tumour proliferation, migration and decreasing patient survival, while knock-down TMEM16A by siRNA or application of CaCC blockers significantly inhibited tumour growth and progression (Duvvuri et al., 2012; Mazzone et al., 2012; Ruppersburg and Hartzell, 2014) . Therefore, TMEM16A may be a putative diagnostic and prognostic biomarker for certain human cancers. In addition, TMEM16A may be a potential pharmacological target for cancer therapy. Low MW compounds have been developed as TMEM16A inhibitors.
T16A inh -A01, an aminophenylthiazole compound, was found to be a specific TMEM16A inhibitor with an IC 50 of 1.1 μM (Namkung et al., 2010a) , which inhibited the proliferation of a TMEM16A-expressing human pancreatic cancer cell line (Mazzone et al., 2012) . Another compound, CaCC inh -A01 (De La Fuente et al., 2008) , and a natural product, tannic acid (Namkung et al., 2010b) , have also been reported to inhibit TMEM16A-encoded CaCCs.
In the present study, we identified several flavonoids that inhibited TMEM16A currents and demonstrated structure-activity relationships. Moreover, our results also provide evidence that TMEM16A inhibition by flavonoids may be responsible for flavonoid-associated anticancer effects.
Methods

cDNA and cell lines
Plasmids encoding mouse TMEM16A (GenBank accession number: NM_178642.5) was kindly provided by Prof Uhtaek Oh (Seoul National University, Korea) and was subcloned into expression vector pEGFPN1. A voltage ramp from À100 to +100 mV over 4 s was used to record the whole-cell TMEM16A currents ( Figure 1C, top) . Drug effects were quantified by measuring the drug-induced changes in current amplitude at +100 mV. Current-voltage (I-V) relationships were determined using step pulses between À100 and +100 mV in increments of 10 mV from a holding potential of 0 mV followed by a À100 mV step ( Figure 3B , top). The currents were recorded until the effects had stabilized. This normally takes 5-15 min ( Figures 1C  and 4D ). Current amplitudes were measured at +100 mV.
buffer and separated on a 10% polyacrylamide gel. The separated proteins were transferred at 30 V to nitrocellulose membrane (Millipore, USA) overnight at 4°C. After blocking the membrane in Tris-buffered saline (TBS) containing 5% non-fat milk, the blots were incubated with primary antibodies at room temperature for 4-6 h. Antibodies were used at a 1:500 dilutions and consisted of polyclonal anti-TMEM16A (rabbit; Santa Cruz Biotechnology, USA), polyclonal anti-TMEM16A (rabbit; Santa Cruz Biotechnology, USA) and monoclonal anti-β-tubulin III (mouse; Sigma, USA). After incubation with primary antibodies, membranes were rinsed with Tris-buffered saline Tween 20 (TBST; 150 mM NaCl, 20 mM Tris-base, 0.05% Tween-20) three times for 10 min and then incubated with secondary antibodies at room temperature for 1-2 h. Membranes were washed twice with TBST for 10 min per wash and once with TBS for 10 min. Protein bands were visualized using an ECL system (Amersham Biosciences, Piscataway, NJ, USA) and quantified by densitometry using a Bio-profile Bio, ID image analyser. 
Immunofluorescence
LA795 cells were seeded on glass coverslips in a 24-multiwell plate. Cells were fixed with 10% formalin when 60-70 % confluence was reached, permeabilized with 0.2% Triton-X-100 and labelled with anti-TMEM16A (Santa Cruz Biotechnology, USA) and antigoat-conjugated cy3, anti-α-tubulin (Affinity Biotechnology, USA) and anti-rabbitconjugated FITC. Hoechst (1:4000) staining was used to identify nuclei. Confocal images were taken with Olympus Fluoview Fvl000 Microsystems. TMEM16A fluorescence intensity was analysed by the ImageJ system (Li et al., 2016) .
BrdU cell proliferation assay
Flavonoids and tannic acid were tested for their effects on the proliferation of LA795, HEK293 and normal lung 2BS cells. Cells were plated on 96-well microplates. Twelve hours after seeding, cells were treated with different concentrations of flavonoids or tannic acid (10, 30 and 100 μM). After 24 h incubation, the cells were incubated with BrdU (100 μM) for 4 h. The incorporation of BrdU into DNA was measured according to the supplier's instructions of the BrdU Cell Proliferation Assay Kit (Millipore, MA, USA). Optical density readings were made at 450 nm. Cells not exposed to flavonoids or tannic acid served as the negative control (NC). All measurements were repeated three times, and proliferation values were calculated relative to the NC whose viability was set to 100%.
Transwell assay
LA795 cells were plated in 8.0 μm pore size transwell 24-insert plate chambers (Corning, Acton, MA, USA) coated with BioCoatMatrigel (BD Biosciences, Bedford, MA, USA). After pre-starving for 24 h by culturing in serum free medium, 3 × 10 4 LA795 cells per well were plated in the upper chambers with serum free medium and incubated for 24 h. The lower chambers were filled with medium containing 10% FBS. After wiping off the cells from the upper side of the upper chamber, the lower side of the upper chamber was fixed with methanol and stained with 4,6-diamidino-2-phenylindole (DAPI; Sigma).
Data and statistical analysis
The data and statistical analysis in this study comply with the recommendations for experimental design and analysis in pharmacology (Curtis et al., 2015) . Blinding was not used in the experiments since all measurements were not subjective but were strictly based on quantitative data. Randomization was not used in the experiments since the inhibitory effects of flavonoids on TMEM16A currents were obtained by comparing the currents before (control) and after drug application. Currents were analysed and then curve fitted using Clampfit 10.2 (Molecular Devices, Sunnyvale, CA, USA) and Origin 7.5 (OriginLab Corp., Northampton, MA, USA) software. The concentration-response curve was Figure 2 The concentration-response relationships for luteolin (Lute), galangin (Gala), quercetin (Quer) and fisetin (Fise) on recombinant TMEM16A currents in CHO cells. (A) The time course for the effects of galangin (1-100 μM) on TMEM16A currents tested at +100 mV. (B) The representative current traces recorded when the effect of different concentrations of galangin had stabilized. (C) Concentration-response relationships for luteolin, galangin, quercetin and fisetin on TMEM16A currents recorded at +100 mV. Data were fitted with logistic function. Luteolin: n = 5, 5, 5, 5 and 8; galangin: n = 5, 5, 9, 5 and 7; quercetin: n = 5, 5, 5, 7 and 9; fisetin: n = 5, 5, 5, 6 and 9 (1, 3, 10, 30 and 100 μM).
Natural flavonoids inhibit TMEM16A Cl À channels BJP fitted with logistic equation:
in which y is the response; A 1 and A 2 are the maximum and minimum responses, respectively, x is the drug concentration, x 0 is the EC 50 and p is the Hill coefficient. To analyse the kinetics of TMEM16A current deactivation, the tail currents deactivating from +100 to À100 mV were used to obtain the time constants. The deactivation traces were fitted to a single exponential function: I = A × [1 À exp (Àt/τ)] + I 0 , in which I is the current, I 0 is the steady-state amplitude of the current at the end of the holding potential of À100 mV, A is the difference between the peak and steady-state current amplitudes, t is time and τ is the time constant. Data normalization was used in the test of the drug effects on the current-voltage (I-V) relationships (Figures 3B and 5B) . Current amplitude was normalized by testing the current Figure 3 The effects of luteolin (Lute), galangin (Gala), quercetin (Quer) and fisetin (Fise) on I-V relationship and deactivation kinetics of TMEM16A currents in CHO cells. (A) Representative traces of TMEM16A currents recorded using the voltage protocol indicated at the top of B. Dotted lines indicated the zero current level. The effects of luteolin, galangin, quercetin and fisetin (all at 100 μM) or tannic acid (100 μM) are shown. (B) Normalized current-voltage relationships of TMEM16A currents in the absence or presence of the compounds; n = 5 for each experimental group. (C) The effects of luteolin, galangin, quercetin and fisetin on the deactivation kinetics of TMEM16A currents from +100 to À100 mV. The red line shows the deactivating currents in the presence of the compounds, which were scaled up to match the amplitude of the deactivating currents in the absence of the compounds. (D) Summary of effects of luteolin, galangin, quercetin and fisetin on the time constants of TMEM16A deactivating currents. *P < 0.05, significantly different from control, n = 5 for each experimental group.
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at +100 mV in the absence of the drugs (control) in order to reduce the unwanted sources of variation. All data are presented as mean ± SEM. Statistical analyses were performed using a two-sample paired Student's t-test or one-way ANOVA. The differences were considered significant at P < 0.05. In cases in which ANOVA was used, a post hoc test (Bonferroni) was used, if F achieved P < 0.05, and there was no significant variance inhomogeneity. The current , galangin (Gala), quercetin (Quer) and fisetin (Fise) and taxifolin (Taxi), all at 100 μM on TMEM16A currents tested at +100 mV. The protocol was shown at the top of the Figure 1B . The representative current traces recorded when the effect of the compounds had stabilized. (E) The inhibition by flavonoids (100 μM) of TMEM16A current tested at +100 mV. NS, not significant, *P < 0.05, significant effect of treatments.
amplitudes (or τ values) before and after drug treatment were compared with a two-sample paired Student's t-test ( Figures 1E, 3D and 4E ). Drug treatment effects on cell proliferation/migration were analysed by one-way ANOVA.
Materials
Chrysin, apigenin, luteolin, tangeretin, galangin, kaempferol, kaempferide, quercetin, quercitrin, gossypetin, myricetin, fisetin, isorhamnetin, morin, rutin, hesperetin, naringenin, taxifolin, catechin and daidzein were purchased from J&K China Chemical Ltd. (Beijing, China). Tannic acid was purchased from Sigma-Aldrich Corp (St. Louis, MO, USA). The stock solutions were made in DMSO and were stored at À20°C. All solutions were freshly prepared from stock solutions before each experiment and kept from light exposure. The final concentration of DMSO was less than 0.1%.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 .
Results
Natural flavonoid compounds inhibit the recombinant TMEM16A currents in CHO cells
We compared 20 flavonoids for their inhibitory activities against recombinant TMEM16A currents; these compounds included flavones (chrysin, apigenin, luteolin and tangeretin), flavonols (galangin , kaempferol, kaempferide, quercetin, quercitrin, gossypetin, myricetin, fisetin, isorhamnetin, morin and rutin), dihydroflavones (hesperetin and naringenin), dihydroflavonol (taxifolin; also named dihydroquercetin), a flavane (catechin) and an isoflavone (daidzein) ( Figure 1A ). The inhibitory effects were compared with those of three known blockers of TMEM16A currents:
(1) T16Ainh-A01 (Supporting Information Figure S1A A voltage ramp from À100 to +100 mV over 4 s was used to record the whole-cell recombinant TMEM16A currents in CHO cells ( Figure 1C, top) . The TMEM16A currents were activated with 384 nM free intracellular Ca 2+ . The effects of four flavonoids (luteolin, galangin, quercetin, fisetin) each at 100 μM, were quantified by measuring the changes of amplitude at +100 mV induced by these drugs ( Figure 1C, D) . At the concentration of 100 μM, 10 of the 20 compounds significantly inhibited (>50%) TMEM16A currents by, including chrysin, luteolin, galangin, kaempferol,
Figure 5
The effects of luteolin (Lute), galangin (Gala), quercetin (Quer) and fisetin ( kaempferide, quercetin, quercitrin, fisetin, morin and hesperetin ( Figure 1E ). Among these compounds, luteolin, galangin, quercetin and fisetin exhibited the highest efficacy for TMEM16A channel blockade ( Figure 1E ). At the same concentration (100 μM), the reference inhibitors, tannic acid, T16Ainh-A01 and CaCCinh-A01 blocked TMEM16A currents almost completely ( Figure 1E ).
The effects of luteolin, galangin, quercetin and fisetin on recombinant TMEM16A currents
Because of their strong inhibitory effects, four of the 20 flavonoids, luteolin, galangin, quercetin and fisetin (Figure 2A ), were studied further for their inhibitory activity on recombinant TMEM16A currents in CHO cells. A concentration-dependent relationship was established. In these experiments, TMEM16A currents activated at +100 mV in the presence of different concentrations of these compounds were tested. As demonstrated in Figure 2A , B, TMEM16A currents were inhibited by galangin in a concentration-dependent manner. The concentration-response curves were fitted with a logistic function and the IC 50 and the E max values for these compounds is shown in Figure 2C .
I-V curves for voltage-dependent activation of TMEM16A currents were established from the active currents. The currents were elicited by voltage pulses switching from a holding potential of 0 mV to voltages between À100 and +100 mV in 10 mV steps followed by a step to À100 mV as indicated at the top of Figure 3B ( Figure 3A) . Figure 3B shows the normalized I-V curves of TMEM16A currents + compounds (100 μM). The effects were compared with those of tannic acid (100 μM).
We then examined these drugs using the time constants (τ values) of the deactivating tail currents at À100 mV. The deactivation of the TMEM16A tail currents was significantly slowed by quercetin and luteolin, but not by galangin or fisetin (100 μM, Figure 3C ). The τ values for the four compounds are shown in Figure 3D .
The effects of flavonoids on endogenous TMEM16A currents in LA795 cells
Additional evidence suggests that overexpression of TMEM16A is closely associated with cell proliferation, metastasis and apoptotic sensitivity in cancer tissues (Qu et al., 2014) . In this set of experiments, we examined the expression and function of TMEM16A in LA795 cells (mouse lung adenocarcinoma cells) and tested the flavonoids for modulatory effects on endogenous TMEM16A currents.
The protein expression of TMEM16A in LA795 cells was confirmed by Western blot. We found TMEM16A mainly localized to the plasma membrane ( Figure 4A, B) . In addition, the activation of outward currents in LA795 cells was dependent on the intracellular Ca 2+ concentration ( Figure 4C ). These results demonstrated that TMEM16A channels were functional in LA795 cells. At 100 μM, luteolin, galangin, quercetin and fisetin caused marked inhibition of TMEM16A currents, while rutin and catechin showed slight effects, and taxifolin did not affect the currents ( Figure 4D , E). Tannic acid (100 μM) induced almost complete inhibition ( Figure 4E ).
We then examined the effects of luteolin, galangin, quercetin and fisetin on I-V curves of TMEM16A currents in these cells. Figure 5B showed the normalized I-V curves of TMEM16A currents ,with or without the compounds at 100 μM. The effects were then compared with those of tannic acid (100 μM).
The effects of flavonoids on cell proliferation and migration in LA795 cells Next, we examined the effects of flavonoids on proliferation and migration of LA795 cells.
Luteolin, galangin, quercetin and fisetin, which had demonstrated significant inhibitory effects on TMEM16A currents, also significantly inhibited cellular proliferation in a dose-dependent manner ( Figure 6A ). Rutin, catechin and taxifolin, which had minimal inhibitory effects on TMEM16A currents, demonstrated limited effects on cell proliferation ( Figure 6A ). We also tested the effects of these flavonoids on normal lung 2BS cells and wild-type HEK293 cells. Luteolin, galangin, quercetin and fisetin demonstrated Figure 6 The effects of flavonoids on cell proliferation in LA795 cells. (A-C) LA-795, normal lung 2BS and wild-type HEK293B cells seeded in 96-well plates were treated with flavonoids (100 μM) or tannic acid (100 μM) for 24 h as indicated. The results represent the means of three independent experiments. Proliferation rate of untreated cells was set to 100%. NS, not significant, *P < 0.05, significant effect of treatments.
Natural flavonoids inhibit TMEM16A Cl À channels BJP weaker inhibition of cell proliferation, compared with their effects on LA795 cells (Figure 6B, C) . These results indicate that these flavonoids exhibited greater cytotoxicity towards the cancer cell line than they did on the normal cell lines.
To assess the effects of flavonoids on LA795 cell migration, the transwell migration assay was used. Luteolin, galangin, quercetin and fisetin also demonstrated inhibitory effects, while rutin, taxifolin and catechin demonstrated limited effects in this migration assay ( Figure 7A, B) . Taking these results together, it appears that inhibition of endogenous TMEM16A currents by flavonoids contributes to the anticancer effects of the flavonoids, demonstrated in LA795 cells.
Discussion
In the present study, we have demonstrated that several natural flavonoids inhibited the TMEM16A-encoded CaCCs and also have described some structure-activity relationships of these compounds. Furthermore, our results also demonstrate for the first time that TMEM16A inhibition by flavonoids may contribute to their anticancer effects.
Before the TMEM16A channels were cloned, conventional non-selective anion channel blockers such as NPPB, DIDS, niflumic acid (NFA) and flufenamic acid (FFA) were used as pharmacological tools in CaCC studies. However, these blockers appear to be non-selective and also affect other channels. For example, NPPB and DIDS have been reported to also inhibit volume-regulated anion channels (Helix et al., 2003; Parkerson and Sontheimer, 2004; Zhang et al., 2011) . DIDS also inhibits renal CLC-K1 and CLC-Ka Cl À channels and potentiates capsaicin-induced TRPV1 currents (Zhang et al., 2012) . NPPB, DIDS, NFA and FFA inhibit bestrophin-1 Cl À channels . Recently, T16A inh -A01 (Namkung et al., 2010a) , CaCC inh -A01 (De La Fuente et al., 2008) , the natural compound tannic acid (Namkung et al., 2010b) and quercetin (Gim et al., 2015) have been reported to inhibit TMEM16A channels. T16A inh -A01 has shown better selectivity on TMEM16A channels. The present work demonstrated the inhibitory effects of several natural flavonoids on TMEM16A channels and our data provides evidence that these compounds may be developed into new TMEM16A-specific CaCC inhibitors. Flavonoids are the most important class of phenolic compounds. They have a common structure of two aromatic rings connected to three carbon atoms (C6 0 C3 0 C6, Figure 1A ). Our data indicated several important structure -activity findings: (1) non-glycosylated derivatives such as luteolin, galangin, quercetin and fisetin displayed a greater inhibition of TMEM16A currents than the related flavonoids, quercitrin and rutin; (2) the absence of the double bond at positions C-2/C-3 deletes the TMEM16A blocking effect of the flavanone, taxifolin, in contrast to the flavonol quercetin; (3) the presence of a second hydroxyl group at the C-3 0 of B ring on the structure of quercetin or luteolin increased its efficiency in comparison with kaempferol or apigenin; (4) the presence of a third hydroxyl group at the C-5 0 of B ring on the structure of myricetin decreased its efficiency in comparison with quercetin; (5) the presence of a hydroxyl group at the C-3 of C ring on the structure of galangin, kaempferol or quercetin increased its efficiency in comparison with chrysin or apigenin; (6) the presence of a hydroxyl group at the C-5 of A ring on the structure of quercetin slightly affected its efficiency in comparison with fisetin; (7) substituting the hydroxyl group at the C-3 0 of B ring with a methoxy group (isorhamnetin) deletes the activity of quercetin; and (8) the deactivation of the TMEM16A tail currents was significantly slowed by quercetin and luteolin, but not by galangin or fisetin ( Figure 3C, D) , which might be attributed by the presence of a second hydroxyl group at the C-3 0 of B ring. The anticancer activity of flavonoids has been described in many studies, and almost as many mechanisms appear to be involved. Recently, TMEM16A channels have been closely associated with development of some types of cancer. Our results indicate that luteolin, galangin, quercetin and fisetin potently inhibited cancer cell proliferation and migration (Figures 6 and 7) , which significantly corresponds with the effects of these compounds on endogenous TMEM16A currents in LA795 cells (Figure 4 ). In contrast, rutin, taxifolin and catechin, which have little or no inhibitory effects on TMEM16A currents, showed lesser anticancer effects, as shown in Figures 4, 6 and 7. The data indicate that inhibition of TMEM16A currents by flavonoids may contribute to the anticancer activities of flavonoids . In addition, luteolin, galangin, quercetin and fisetin exhibited weaker growth inhibition in wild-type HEK293 cells, than in LA795 cells ( Figure 6B ). In contrast, although tannic acid has stronger inhibitory effects on TMEM16A currents, it shows weaker effects on cell proliferation in LA795 cells (Figures 4 and 6) . Furthermore, tannic acid showed unexpectedly higher inhibition of proliferation in HEK293 cells (Figure 6 ). In summary, compared with tannic acid, flavonoids appear to have more potential for future use in cancer therapy. Whether flavonoids bind directly to TMEM16A channels or through some other cellular mechanisms and act to modulate TMEM16A channels is presently unknown. TMEM16A channels should be included in the growing list of potential targets of flavonoids.
TMEM16A channels are not likely to be the sole mechanism responsible for flavonoid-associated anticancer effects, as flavonoids are reported to modulate many different ion channels (e.g. hERG K + channels [Zitron et al., 2005] and ether á go-go 1 channels [Carlson et al., 2013a,b] ), which may be involved in progression of cancer. In addition, Ca v 1.2 channels (Saponara et al., 2011) , TRPC5 channels (Naylor et al., 2016) and HCN2 channels (Carlson et al., 2013a,b) are also modulated by flavonoids. Therefore, based on the results from this study, we consider that TMEM16A channels may play an important role in the anticancer effects associated with flavonoids. Flavonoids have been reported to have a broad spectrum of biological activities including anticancer activity, through a variety of mechanisms. Based on our observation and others, in which flavonoids such as luteolin, galangin, quercetin and fisetin are able to interfere with almost all the aspects of carcinogenesis, it appears they are relatively safe to be used in humans or animals. Flavonoids are assumed to be potential chemopreventive agents against certain types of cancer via blockade of TMEM16A currents, in addition to suppression of tumour proliferation and migration. Nevertheless, further prospective studies are needed to confirm the anticancer activities and the safety of flavonoids for use in cancer prevention and therapy in humans.
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https://doi.org/10.1111/bph.13841 Figure S1 The effects of T16A inh -A01 and CaCC inh -A01 on recombinant TMEM16A currents in CHO cells. Figure S2 The effects of Gala on TMEM16A currents is reversible. (A) The time course for the effects of Gala (30 μM) on TMEM16A currents tested at +100 mV. (B) The representative current traces recorded under different conditions of the treatments were shown. Figure S3 The effects of Quer on deactivation kinetics of TMEM16A currents in LA795 cells. (A) The effects of Quer on the deactivation kinetics of TMEM16A currents from +100 to À100 mV. The red line shows the deactivating currents in the presence of the drugs, which were scaled up to match the amplitude of the deactivating currents in the absence of the drugs. (B) Summary of effects of Quer on the time constants of TMEM16A deactivating currents. *P < 0.05 compared with control, n = 5.
